Objective: The fetal inflammatory response syndrome (FIRS) is present in a fraction of fetuses exposed to intraamniotic infection and is associated with the impending onset of labor and multisystem organ involvement. Neonates born with funisitis, the histologic counterpart of fetal systemic inflammation, are at increased risk for cerebral palsy and bronchopulmonary dysplasia. The aim of this study was to determine whether fetal and maternal granulocytes and monocytes have the phenotypic and metabolic characteristics of activation in cases with FIRS. Study design: A case-control study was conducted with umbilical cord and maternal blood samples obtained from patients who delivered preterm with (ns30) and without funisitis (ns15). The phenotypic characteristics of granulocytes and monocytes were examined using flow cytometry and monoclonal antibodies including CD11b, CD14, CD15, CD16, CD18, CD49d, CD62L, CD64, CD66b, and HLA-DR. Intracellular reactive oxygen species (iROS) were measured at the basal state and after stimulation (oxidative burst). A P-0.01 was considered statistically significant. Results: (1) Funisitis was associated with a significant increase in the median mean channel brightness (MCB) of CD14, CD64, and CD66b on granulocytes and the MCB of CD64 on monocytes collected from umbilical cord blood. (2) The basal iROS production and oxidative burst were higher in the umbilical cord monocytes of neonates with funisitis than in those without funisitis. (3) There were no differences in the immunophenotype, basal iROS production, and oxidative burst in maternal granulocytes or monocytes between the study groups. Conclusion: Fetal systemic inflammation is associated with phenotypic and metabolic changes consistent with activation in fetal immune cells but not in maternal blood.
Introduction
The fetal inflammatory response syndrome (FIRS) is present in fetuses exposed to intra-amniotic infection and is characterized by the systemic activation of the fetal innate immune system w18x. This syndrome was originally described in fetuses with spontaneous preterm labor (PTL) and preterm prelabor rupture of the membranes (preterm PROM), and was operationally defined by an elevated fetal plasma interleukin-6 (IL-6) w)11 pg/mLx w18x. Prenatal exposure of the fetus to inflammation is associated with the impending onset of labor w42x and fetal multi-systemic organ involvement w43x. Funisitis, the histologic counterpart of FIRS, involves the sequential migration of inflammatory cells from the lumen to the muscular layers of the umbilical vessels, and into Wharton's jelly w25x. The presence of funisitis is regarded as evidence of a fetal plasma cytokine response w37x. Activation of umbilical cord endothelial cells can be detected in preterm infants with chorioamnionitis and funisitis w10x. Moreover, neonates born with funisitis are at increased risk for neonatal sepsis w61x, cerebral palsy w62x, and bronchopulmonary dysplasia w59x.
A solid body of evidence indicates that extensive infiltration of monocytes and granulocytes is essential to the execution of an acute inflammatory response w9x. Indeed, fetuses destined for premature delivery have a higher percentage of CD11c, CD13, CD15, and CD67 in fetal blood than those destined to deliver at term w7x. Furthermore, flow cytometry studies in maternal blood reveal that preterm parturition with intact or ruptured membranes is associated with phenotypic and metabolic changes in monocytes and granulocytes w16, 17x. Although it is well established that a FIRS is associated with the infiltration of inflammatory cells in the fetal compartment, it has not been addressed whether funisitis is associated with changes in the maternal compartment with flow cytometry. Analysis of the immunophenotype and metabolic activity of immune cells by flow cytometry is a useful tool which provides sensitive information about the detection of inflammation in vivo w5x. The present study was designed to investigate the changes in the phenotypic and metabolic characteristics of fetal and maternal immune cells associated with funisitis.
Patients and methods

Study design and population
A case-control study was conducted with umbilical cord and maternal blood samples obtained from patients with spontaneous PTL with intact membranes or preterm PROM who delivered before 35 completed weeks of gestation. The case group consisted of patients with funisitis (ns30) and the control group consisted of those without funisitis (ns15) which were matched for gestational age at delivery within two weeks. Patients with multiple pregnancies, preeclampsia, maternal medical disease, fetal death, and fetal congenital or chromosomal abnormalities were excluded. All patients provided written informed consent prior to the collection of samples. The collection and utilization of umbilical cord and maternal blood samples for research purposes were approved by the Institutional Review Boards of both Wayne State University and the Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health. Biological materials and some flow cytometric analyses of patients who were enrolled in this study have been used for studies of inflammation in pregnancy complications w16, 17, 36x.
Clinical definitions
Spontaneous PTL was defined as the presence of regular uterine contractions occurring at a frequency of at least two every 10 min associated with cervical changes that required hospitalization before 37 completed weeks of gestation. The diagnosis of preterm PROM was confirmed by the pooling of amniotic fluid in the vagina in association with positive nitrazine and ferning tests or by positive amniocentesis-dye test before 37 completed weeks of gestation. Amniocentesis was performed at the discretion of the treating physician in a subset of patients; and amniotic fluid was cultured for the presence of microorganisms including aerobic and anaerobic bacteria as well as genital Mycoplasmas. Women received corticosteroids for fetal lung maturity and antibiotic therapy as clinically indicated. Clinical chorioamnionitis was diagnosed in the presence of fever (G37.88C) and two or more of the following criteria: uterine tenderness, malodorous vaginal discharge, maternal tachycardia (G100 beats/min), maternal leukocytosis (G15,000 cells/mm 3 ), and fetal tachycardia (G160 beats/min). A composite neonatal morbidity was defined as the presence of any of the following conditions: neonatal sepsis, respiratory distress syndrome, congenital pneumonia, bronchopulmonary dysplasia, intraventricular hemorrhage (grade III or IV), and necrotizing enterocolitis.
Umbilical cord and maternal blood samples collections
Maternal blood was obtained from patients upon admission to the labor and delivery unit, and umbilical cord blood was obtained from the umbilical vein at the time of delivery. The time interval between maternal blood sampling and delivery was -48 h. The 48 h interval was chosen to maintain the meaningful relationship of the phenotypic and metabolic characteristics of immune cells between umbilical cord and maternal blood. Blood samples were obtained using a syringe, added to an anticoagulant solution (20 mg/mL of the protease inhibitor, leupeptin), placed on ice, and transported to the laboratory. Blood samples were processed and analyzed within 60 min of sampling. The following were available for analysis: for the funisitis group, 30 samples of umbilical blood and 25 pairs of maternal blood; for the control group, 15 samples of umbilical cord blood and 12 pairs of maternal blood.
Flow cytometry
Evaluation of the granulocyte and monocyte surface markers was conducted according to the methods described previously w35x. To isolate leukocytes from red blood cells, LDS-751 (Molecular Probes, Eugene, OR, USA), a vital nucleic acid dye, was immediately added to the specimen (final concentration 0.0001%) upon arrival of the samples at the laboratory. Cellsurface antigens were phenotyped using monoclonal antibodies including CD11b, CD14, CD15, CD16, CD18, CD49d, CD62L, CD64, CD66b, and HLA-DR (Immunotech, Miami, FL, USA), which had been directly conjugated to fluorescein isothiocyanate (FITC). The isotype antibodies (IgG1, IgG2a, and IgM), matched by concentration, were used as the negative control. All antibodies were used in the concentrations recommended by the manufacturer. Flow cytometric analysis of umbilical cord and maternal blood was performed by a Coulter XL-MCL (Coulter Corp, Hialeah, FL, USA) equipped with a single 488 nm laser. FITC was detected at 525 nm, and LDS-751 was detected at 620 nm. Red blood cells, not labeled with LDS-751, were excluded from analysis. Granulocytes and monocytes were gated according to their forward and side scatter characteristics. The results were expressed as the mean fluorescence intensity wmean channel brightness (MCB)x after subtracting the fluorescence intensity of the isotype control antibody. The surface markers that were studied are described in Table 1 .
The presence of intracellular reactive oxygen species (iROS) within granulocytes and monocytes, including the determination of basal content and production in response to a stimulant (i.e., Integrin b2 subunit mediated firm adhesion of leukocyte to endothelium CD49d
Leukocyte adhesion to extracellular matrix; binds to VCAM-1 and fibronectin CD62L L-selectin mediates tethering and rolling of leukocytes CD64
High-affinity receptor for IgG, mediates release of IL-1, IL-6, and TNF-a CD66b
Role in cell-cell interaction HLA-DR Class II major histocompatibility antigen
CDscluster differentiation, HLA-DRshuman leukocyte antigen-DR, IgGsimmunoglobulin G, VCAM-1svascular cell adhesion molecule-1, IL-1/6sinterleukin-1/6, TNF-astumor necrosis factor-a.
oxidative burst), were evaluated using the methods described by Himmelfarb et al. w20x . Briefly, 2979 dichlorofluorescein diacetate (DCFH-DA) was added to blood samples and incubated for 15 min at 378C. DCFH-DA reacts with the intracellular products of oxygen metabolism (primarily hydrogen peroxide) to form 2979-dichlorofluorescein (DCF), which is highly fluorescent and detected by flow cytometry. In addition to basal measurements, the oxidative burst was studied by adding 10 mL of N-formylmethionylleucyl-phenylalanine (FMLP; Sigma, St Louis, MO, USA) to a tube containing 50 mL of blood sample and DCFH-DA. After incubation for 30 min at 378C, 5 mL of LDS-751 in methanol (final concentration 0.0001%) was added for 1 min at room temperature. The samples were then analyzed immediately by flow cytometry. The results were expressed as the MCB of basal iROS and oxidative burst.
Histopathologic examination of the umbilical cord and placenta
In all 45 patients, tissue samples taken for histopathologic examination included umbilical cord, chorionic plate and extraplacental membranes (amnion and choriodecidua). These samples were fixed in 10% neutral-buffered formalin and embedded in paraffin. Paraffin sections were stained with hematoxylin and eosin. Histopathologic examinations were performed systematically for inflammation based on the diagnostic criteria previously described w41x. Acute histologic chorioamnionitis was diagnosed if acute inflammatory changes were present in chorionic plate, amnion or choriodecidua w41x. Funisitis was defined as the presence of neutrophil infiltration into the wall of the umbilical vessels and/or into Wharton's jelly w37x. 
Statistical analysis
Shapiro-Wilk test was used to assess whether the data was normally distributed. Differences in the continuous variables between the two groups were estimated using non-parametric Mann-Whitney U-test or parametric Student t-test based on the distribution of the data. Comparisons of proportions were performed by x 2 and Fisher's exact tests. All statistical analyses were performed using SPSS version 12.0 (SPSS Inc, Chicago, IL, USA). A P-0.01 was considered statistically significant. This threshold was chosen to have stringent criteria for significance, given the multiple comparisons performed in this study.
Results
Demographic and clinical characteristics of the study population
The demographic and clinical characteristics of the study population are displayed in Table 2 . The group with preterm delivery and funisitis had a higher rate of positive amniotic fluid culture and composite neonatal morbidity than those of the control group (Ps0.007 and Ps0.004, respectively). There were 12 cases of positive amniotic fluid culture. Gram-negative microorganisms were detected in only two cases, while others were Candida albicans (ns1), genital Mycoplasmas (ns5) and Gram positive bacteria (ns4). The small number of patients in each group was insufficient to conduct an analysis. The majority of women in the case and control groups received steroids for fetal lung maturity (cases, 90.0%; controls, 86.7%; Ps0.55) and antibiotics (cases, 96.7%; controls, 93.3%; Ps0.56) before umbilical cord blood sampling. Overall, the median maternal blood samplingto-delivery interval was 7 h, with an interquartile range of 2-16 h.
Funisitis is associated with the changes in the phenotypic characteristics of granulocytes and monocytes in umbilical cord blood but not in maternal blood
Umbilical cord granulocytes of the funisitis group showed a significantly higher median MCB of CD14, CD64, and CD66b than those of the control group (P-0.01 for all comparisons, Table 3); the P-values for CD15 and CD16 on umbilical cord granulocytes were borderline (Ps0.01 and Ps0.02, respectively). The umbilical cord monocytes of the funisitis group had a significantly higher median MCB of CD64 than those of the control group (Table 3) . Most of the funisitis cases were of stage 1 or 2 and these did not affect the results (data not shown). In contrast, there was no difference in phenotypic characteristics in maternal granulocytes or monocytes between the study groups (Table 4) ; the P-values for CD49d, CD66b, and HLA-DR on maternal granulocytes were 0.03, 0.02, and 0.02, respectively. Only five cases with the diagnosis of clinical chorioamnionitis were included in this study. The small number of patients with clinical chorioamnionitis did not allow us to make a meaningful comparison in the phenotypic characteristics in maternal granulocytes or monocytes relative to the presence or absence of clinical chorioamnionitis.
Funisitis is associated with the changes in metabolic activity of monocytes in umbilical cord blood but not in maternal blood
The basal iROS production and oxidative burst were significantly higher in umbilical cord monocytes of the funisitis group compared to those of the control group (the control group vs. the funisitis group; mean"SEM: 7.1"1.4 vs. 10.6"1.0; Ps0.001, and 8.3"0.7 vs. 13.8"1.3; Ps0.001, respectively; Figure 1C and D) . The basal iROS production was higher in umbilical cord granulocytes of the funisitis group than that of the control group, but the difference did not reach statistical significance (the control group vs. the funisitis group; mean"SEM: 13.0"2.9 vs. 17.4"1.7; Ps0.03, Figure  1A ). There was no difference in oxidative burst in the umbilical cord granulocytes between the control and funisitis groups (the control group vs. the funisitis group; mean"SEM: 32.3"3.1 vs. 34.7"3.0; Ps0.96, Figure  1B ).
In contrast, there was no difference in basal iROS production and oxidative burst in the maternal granulocytes (mean"SEM: 6.9"1.4 vs. 6.8"0.7; Ps0.68, and 29"3.5 vs. 26.2"2.3; Ps0.34, respectively; Figure 2A and B) or monocytes between the control and funisitis groups (mean"SEM: 5.8"0.7 vs. 5.9"0.4; Ps0.74, and 9.5"1.2 vs. 8.4"0.5; Ps0.75, respectively; Figure 2C and D).
Discussion
Principal findings of this study 1) Funisitis was associated with phenotypic changes in umbilical cord granulocytes and monocytes consistent with activation; 2) the basal iROS production and oxidative burst were higher in umbilical cord monocytes from neonates with funisitis than in those without this lesion; and 3) there were no significant differences in the immunophenotype, basal iROS production, and oxidative burst in maternal granulocytes or monocytes of mothers with or without funisitis.
Fetal systemic inflammation is associated with intravascular inflammation and the production of intracellular reactive oxygen radicals in the preterm neonate
We report herein changes in the immunophenotype and iROS production in neonates with evidence of in-utero systemic inflammation (funisitis is the histologic counterpart of FIRS). These observations have been made despite the traditional view that the preterm fetus and neonate have an immature and hyporesponsive immune system in comparison to the adult w32, 56x. Another important observation is that the maternal and fetal immune responses in the context of funisitis were dissociated from each other.
Previous studies of granulocytes and monocytes in preterm neonates
The changes in oxidative burst of granulocytes in the preterm neonate have been controversial. Indeed, some investigators have reported that the oxidative burst after stimulation with neonatal granulocytes is increased w44, 51x, decreased w6x, or unchanged w15, 50x compared to that of adults. Moreover, preterm newborns have been reported to have a lower w26x or higher w29x oxidative burst of granulocytes after stimulation than those of term newborns and adults. Our study fills a major gap in the literature, which is to determine the in vivo immunophenotypic and metabolic state of granulocytes and monocytes of fetuses with and without systemic inflammation at the time of birth.
The rationale for using funisitis to identify the fetal inflammatory response system Funisitis, inflammation of the umbilical cord, is a fetal host response, and is the hallmark of the FIRS. Previous studies have established the strengths of this association Figure 2 Maternal blood: mean channel brightness (mean"SEM) of basal dichlofluorescein (DCF) activated intracellular reactive oxygen species (iROS) and DCF after stimulation (oxidative burst) in granulocytes and monocytes. (A and B) There was no difference in basal iROS production and oxidative burst in the maternal granulocytes between the control and funisitis groups (mean"SEM: 6.9"1.4 vs. 6.8"0.7; Ps0.68, and 29.0"3.5 vs. 26.2"2.3; Ps0.34, respectively). (C and D) There was no difference in basal iROS production and oxidative burst in the maternal monocytes monocytes between the control and funisitis groups (mean"SEM: 5.8"0.7 vs. 5.9"0.4; Ps0.74, and 9.5"1.2 vs. 8.4"0.5; Ps0.75, respectively).
w10, 37x. Indeed, neonates with funisitis are at an increased risk for neonatal morbidity and long-term sequelae, such as cerebral palsy and bronchopulmonary dysplasia w59, 60x. The findings of this study are novel and present for the first time the evidence that funisitis is associated with the changes in the phenotypic and metabolic characteristics of umbilical cord granulocytes and monocytes.
Increased expression of CD14 by granulocytes of newborns with funisitis
CD14 has been implicated in the clearance of Gram negative microorganisms by the enhancement of lipopolysaccharide (LPS) signaling pathway w58x. The cellular response involves the LPS-binding protein/CD14/Toll-like receptor four complex w2x. In addition, the CD14 receptor on immune cells, interacts with several other bacterial components such as the streptococcal cell-wall polysaccharides w46x, mycobacterial lipoarabinomannan w39x, and peptidoglycans w52x. Soluble CD14 (sCD14) is present in plasma, and the changes in CD14 gene expression and sCD14 concentration are associated with several inflammatory conditions w11, 19, 28x. It is interesting that the amniotic fluid concentration of sCD14 is higher in the context of intra-amniotic infection/inflammation w12x. Our results are consistent with previous studies reporting that neonates born to mothers with PTL with intact membranes and intra-amniotic infection/inflammation had a higher median concentration of sCD14 in umbilical cord plasma than those without intra-amniotic infection/ inflammation w12x.
Increased expression of CD64 by granulocytes and monocytes of newborns with funisitis
CD64 is a type of Fc receptor expressed on monocytes, macrophages and activated neutrophils, which promotes the phagocytosis of opsonized particles and mediate the release IL-1, IL-6 and TNFa w21x. Previous studies have shown that granulocytes that bind to endothelial monolayers express CD64 w13x, which is considered to be an activation marker of granulocytes w1x. Our finding that the median MCB of CD64 on umbilical cord granulocytes in neonates born with funisitis is higher than that of neonates born without funisitis is consistent with previous studies, which found that the CD64 expression on gran-ulocytes has been increased in newborn infants w14x and adult patients w40x with bacterial infections.
Increased expression of CD66b by granulocytes of newborns with funisitis
CD66b, expressed mainly on granulocytes, is a member of the carcino-embryonic antigen family w24x and participates in neutrophil function, including the regulation of endothelial adhesion w30x and activation of reactive oxygen species (ROS) production w49x. The enhanced expression of CD66b is also associated with systemic inflammatory response syndrome (SIRS) in adults w34x. In neonates, CD66b expression on peripheral blood granulocytes was significantly elevated in preterm neonates with sepsis w54x. We found an increased expression of CD66b in umbilical cord granulocytes from neonates with funisitis compared to that of neonates without funisitis. This is consistent with the known biology of CD66b.
Evidence of increased metabolic activity of fetal leukocytes in fetal systemic inflammation
Successful phagocytosis leads to the destruction of the microorganism through the generation of toxic ROS such as superoxide anion (O 2 -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (-OH), during the oxidative burst w22x. Quantification of ROS is an index of the metabolic activity of phagocytes w38x. In this study, ROS was measured by the fluorescence intensity of DCF generated by the reaction between DCFH-DA and hydrogen peroxide inside the cell at the basal state and after stimulation by FMLP (oxidative burst). We demonstrated herein that basal iROS production and oxidative burst were increased in the umbilical cord monocytes of neonates born with funisitis compared to those of neonates born without funisitis. The increased basal iROS production suggests that umbilical cord monocytes had an enhanced intracellular metabolic activity, whereas the increased oxidative burst indicates that there was priming of monocytes in umbilical cord blood.
The excessive production of ROS and their release into the extracellular compartment can damage tissues w55x and may also be involved in the generation of neonatal morbidity associated with FIRS. Of note is the close relationship between oxidative stress and inflammation w31, 47x.
Confounding factors influencing the immunophenotype and metabolic activity of fetal leukocytes
It is generally agreed that preterm newborns, when compared to term newborns, are more vulnerable to severe and life-threatening infections w33, 57x. This susceptibility has been largely attributed to the immaturity of leukocytes in preterm neonates w3, 45x. The expression of CD16 on neutrophils is lower in preterm than in term newborns w8x. The percentage of MHC Class II-positive monocytes increases over gestation, whereas the expression of CD11b and CD35 on monocytes fluctuates over the course of gestation w23x. Thus, gestational age at delivery may have an impact on the different results of the phenotypic characteristics of leukocytes in umbilical cord blood. However, in the present study, there was no difference in gestational age at delivery between the two study groups. Moreover, it has been proposed that spontaneous labor is associated with a fetal immune response w48, 53x. In this study, no differences in distribution of labor type or delivery mode were observed among study groups.
Antenatal corticosteroid administration can lead to changes in the number and response of fetal inflammatory cells w4, 27x. Although in the present study the effect of antenatal steroid administration in the response of fetal immune cells could not to be determined, it is unlikely that this is responsible for the differences in the immunophenotype and metabolic changes of leukocytes between the study groups as most cases included in this study received antenatal steroids.
Limitation of the study
Simultaneous collection of maternal and neonatal blood would have been the ideal condition for analysis. In this study, maternal blood samples were restricted to those obtained within 48 h from delivery. Collection of maternal blood several hours before delivery may be too early to allow detection of a maternal systemic inflammatory response, which might be more evident if the maternal blood was obtained at the time of cord blood sampling. Although this can be considered as a limitation of the study, the median maternal blood sampling-to-delivery interval was -8 h, and only 13% (6/45) of cases had a maternal blood sampling-to-delivery interval between 24-48 h.
In conclusion, this study provides evidence that fetal systemic inflammation is associated with phenotypic and metabolic changes consistent with activation in fetal immune cells but not in maternal blood. While most studies have focused on the developmental immaturity of the fetal innate immune system, the novelty of this study is the assessment of the differences in the immunophenotype and metabolic activity of umbilical cord granulocytes and monocytes between preterm neonates born with and without funisitis. Further studies are warranted to elucidate the comprehensive mechanisms involved in this differential immunological response.
